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ABSTRACT  
 
 

Drying effects on corrosion performance of Cr(VI)- and Cr(III)-treated 
electro-galvanized  steel have been studied  in NaCl solution using 
potentiodynamic measurements and electrochemical impedance 
spectroscopy (EIS). The Cr(VI) and the Cr(III) treated specimens were 
dried at three different temperatures: 60, 110 and 210°C. The surface layers 
were investigated using SEM, AES and XPS. The results show that the 
drying temperature not only affects the morphology of the surface layer, but 
also changes the chromium oxidation states in the layer. The corrosion 
protection given to the EG steel by Cr(VI) and Cr(III) pretreatments can be 
severely reduced if the pretreated surfaces are heated above 110°C.  Both 
types of coating undergo some dehydration during heat treatments, which is 
undesirable for good corrosion protection.  For Cr(VI) coatings, additional 
degradation mechanisms include widening of the cracks in the coating, and 
reduction of Cr(VI) to the Cr(III) oxidation state. 

 
 

INTRODUCTION 
 
 

Zinc coating is widely used to protect carbon steel against corrosion. The zinc 
coatings on electrogalvanized steel (EGS) are usually not as thick as those on hot dip 
galvanized steel and are mainly used as a base for paint (1). In order to increase the 
corrosion resistance and improve the adhesion to paints, zinc coatings need more pre-
treatments such as phosphate and chromate conversion coatings. Chromate conversion 
coating is widely used in metal finishing industry. However, the toxicity of hexavalent 
chromium involved in this treatment necessitates a search for replacements (2, 3). As one 
of potential alternatives to conventional Cr(VI) treatments, trivalent chromium treatment 
is regarded as commercially acceptable for certain applications in zinc finishing industry 
(4).  
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The thermal stability of conversion coatings is interesting because passivated metal 
parts have to endure heat treatment during the fabrication of assemblies. Previous work 
showed that drying of the chromate coatings may affect the corrosion performance of the 
coatings (5-7).   
 

Laget et al. (5) observed that heating and aging the chromate coating on Al-2024 
alloys degraded the coatings, while Gallaccio et al. (7) found that heating and aging the 
chromate coatings on magnesium increased their corrosion resistance. In this paper, we 
report on studies of the surface structure and electrochemical behavior of Cr(VI) and 
Cr(III) treated electro-galvanized steel (EGS) changing with the heating temperature, 
aimed at understanding the influence of the thermal effect on the corrosion performance 
of the Cr(VI) and the Cr(III) coatings in a solution containing chloride.  
 
 

EXPERIMENTAL 
 
 
Materials. Electro-galvanized steel (~ 13 µm thick zinc coating) was activated in 0.25% 
HNO3 solution for 30 seconds and rinsed in de-ionized water. For the purpose of doing 
surface analysis, pure zinc sheets (0.5 mm thick) were polished to 1 µm and 
ultrasonically cleaned in acetone and alcohol for 2 minutes, respectively. Cr(VI) 
treatment was carried out on the EGS and pure zinc sheets in a bath containing 200 g/L 
Na2Cr2O7 + 10 g/L H2SO4 (pH 1.2) for different dipping times. The Cr(VI)-treated 
samples were rinsed in de-ionized water and heated in an oven at 60, 110 and 210°C for 
30 minutes. The Cr(III) treatment was carried out in a commercial bath (Permapass 3K, 
pH 1.8), which contains fluoride and sulfate as accelerators. After rinsing in de-ionized 
water and drying in flowing air, the Cr(III) treated specimens were heated in an oven 
either at 70, 110 or 210°C for 30 minutes.  
 
Surface Analyses. The morphology and compositions of the Cr(VI) and the Cr(III) 
treated samples were analyzed using SEM, AES and XPS. The SEM analysis was 
performed on a scanning electron microscope, JSM-6500F. 

 
For AES analysis, a 40 nm gold layer was deposited on the Cr(VI) and Cr(III) 

treated zinc in order to increase the conductivity of the surface. The AES analysis was 
performed using a PHI 4300 SAM with a LaB6 cathode. A cylindrical mirror analyser 
(CMA) and a 5 keV ion-gun (PHI 04-303) were used. The capture angle of the CMA was 
42° ± 6°. The spectrometer (CMA) was calibrated according to the method described in 
reference (8). The base pressure in the analysis chamber was 3×10-10 Torr. A primary 
electron beam with energy of 5 keV and a current of 1 µA was incident on the sample 
surface at 30° to the normal. All the Auger electron spectra were acquired with an energy 
analyser resolution of ∆E/E = 0.6%. 

 
Alternate sputtering and data acquisition were performed to obtain the depth profile 

for two locations on each sample. The surface was rastered using a 2 keV Ar ion beam 
over an area of 4 × 4 mm2. The emission current was 20 mA and Ar pressure was 10 
mPa. The ion beam was used at intervals of 1 minute and impinged on the sample surface 
at 50° to the normal. The Auger electron spectral regions recorded in the depth profiling 
are reported in previous work (9). Within each of these acquisition regions, data were 
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recorded at 1.0 eV intervals except in the O1s region where a 0.5 eV interval was used. 
The recorded spectra were analysed with Multipak 6.1A software (Physical Electronics). 
Firstly, the spectra were differentiated using a five-point Savitsky-Golay method (10). 
The energy range for each element was redefined in order to isolate the peak for the 
transition of different elements.  For Zn, a linear least square fitting was performed to 
separate zinc metal from zinc oxide (10). 
 

XPS analysis was carried out with a PHI 5400 ESCA using 400 Watt Mg Kα X-
rays (1253.6 eV). This instrument is equipped with a Spherical Capacitor Analyzer 
(SCA) operating with a constant pass energy value. The energy scale of the spectrometer 
was calibrated according to the method described by Anthony et al. (11). Overview 
spectra were obtained in the range of 0 – 1100 eV with an analyzer pass energy of 71.55 
eV. The intensities of Cr 2p, O 1s, C 1s, S 2p and Zn 2p photoelectron lines were 
recorded separately with an analyzer pass energy of 35.75 eV. The electrons emitted from 
the specimens were detected at an angle of 45° with respect to the specimen surface. The 
C 1s peak (284.8 eV) was used as a reference to correct for electrostatic charging. The X-
ray satellites, present in all measured spectra as a consequence of the non-monochromatic 
nature of the incident X-ray beam, were removed using the relative height and 
displacements with respect to the height and position of the Mg Kα. In order to assess the 
relative amounts of the species constituting the photoelectron lines, curve fitting was 
performed with symmetrical Gaussian-Lorentzian peaks after smoothing of the curve and 
Shirley-type subtraction of the background. The number of components to be fitted to any 
particular spectrum was determined by choosing the fit with the minimum reduced chi-
squared value (χ2).  

 
Corrosion Measurements. The corrosion behavior of specimens in NaCl solutions was 
investigated using d.c. polarization and a.c. impedance measurements. Open-circuit 
potential (OCP) and potentiodynamic polarization measurements were carried out in a 
cell containing a platinum counter electrode and a reference electrode (saturated calomel 
electrode: E0 ≈ 0.241 VNHE). Cr(VI) treated specimens were immersed in 3.5% NaCl 
solution (pH 6) for 1 hour to establish a relatively steady open-circuit potential (OCP). 
Anodic polarization measurements were then obtained by scanning the potential from –
0.25 V versus OCP and ending at 1.0 V versus OCP. Cathodic polarization curves were 
obtained for the Cr(III) treated EGS in 0.01 M NaCl solution by scanning the potential 
from OCP and ending at -0.25V versus OCP. The scan rate was 0.167 mV/s. 
 

Electrochemical impedance spectroscopy (EIS) measurements were carried out in 
3.5% NaCl solution after immersion for 2 hours at open circuit. The counter electrode 
was a flat circular platinum net, parallel to the surface of the zinc specimens. The 
reference electrode was an Ag-AgCl/Cl- (saturated KCl) electrode (E0 ≈ 0.197 VNHE). The 
impedance response was analyzed using a Solartron 1255 frequency response analyzer 
coupled with a Solartron 1287 electrochemical interface in the frequency range of 60 kHz 
– 0.1 Hz with 5 mV a.c. amplitude versus the OCP. 
 
 

RESULTS AND DISCUSSIONS 
 
 
Surface Analyses 
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Morphology. Fig. 1 shows the topographic images for the Cr(VI) treated EGS specimens 
heated at (a) 60, (b) 110 and (c) 210°C. All the Cr(VI)-treated samples dried at different 
temperatures showed microcracks in the coatings. For the samples dried at 110°C 
(EGCr110), the size of the microcracks was similar to the cracks in the samples dried at 
60°C (EGCr60), but the density of cracks (the length of crack per unit area) was slightly 
lower. The width of the cracks in the sample dried at 210°C (EGCr210) was larger than 
that of the EGCr60 and the EGCr110 samples. EDS analysis showed the presence of C, 
O, Cr, Zn and S in the surface layer. The carbon and zinc content increased with the 
raising of the drying temperature, while the oxygen content decreased. The oxidation of 
Zn would result in an increase of the oxygen content, but due to the dehydration of the 
chromate layer the net result was a loss of oxygen. In the cracks, the EDS spectrum 
showed that the chromium and oxygen contents were lower than those in the flat area, 
while the zinc content was higher. Moreover, zinc oxides (white) were visible along the 
cracks in the EGCr210 samples under the electron microscope. 

 
Fig. 2 shows the topographic images for the Cr(III) treated EGS specimens heated 

at (a) 70, (b) 110 and (c) 210°C. The conversion layer was so thin that white zinc oxide 
can be seen in the layer. There were no cracks in the layers. After heating at 210°C for 30 
minutes, more white zinc oxide was present on the surface. 
 
AES analysis. Fig. 3 shows the AES depth profiles for (a) a Cr(VI) coating and (b) a 
Cr(III) coating on zinc. For the Cr(VI) coating with dipping time of 10 s, a longer 
sputtering time is needed than for the Cr(III) coating with dipping time of 60 s. The 
depth-profiles show that zinc oxide in the top layer of the Cr(VI) coating is less than 4%. 
The Cr(III) coating contains a mixture of chromium oxides and zinc oxide through the 
layer, and the content of zinc oxide is more than chromium oxides.  
 
XPS analysis. Overview XPS spectra acquired from a Cr(VI) coating showed that there 
are C, Cr, O and S on the surface. The C is considered to be due to exposure to ambient 
air. For the Cr(III) coating on zinc, a strong signal from Zn was also detected besides Cr, 
O and S. It means that zinc oxides/hydroxides also exist within the surface layer of these 
coatings. 

 
Fig. 4 shows the Cr 2p spectra acquired from the Cr(VI) coating heated at 60°C 

and the Cr(III) coatings heated at 70°C. For the Cr(VI) coating, the peak at the binding 
energy of 579.2 eV is attributable to Cr(VI) (12-14). For the Cr(III) coatings, no Cr(VI) 
peak was observed near 579.2 eV, which means that there is no Cr(VI) in the layer.  The 
Cr 2p3/2 curves were fitted for chromium in the form of Cr2O3 (576.3 ± 0.2 eV), Cr(OH)3 
or CrOOH (577.4 ± 0.2 eV) and Cr(VI) (579.2 ± 0.2 eV) in the chromate layer (12-15). 
The fitting results show that the ratio of Cr(VI) to total Cr is about 0.4. About 40% of the 
Cr is in the form Cr(OH)3, and 20 % in Cr2O3. For the Cr(III) coating on zinc, no Cr(VI) 
is present in the surface layer. About 60% of the chromium in the Cr(III) coating is in the 
form of Cr(OH)3, and about 40% is in the form of Cr2O3.  
 

Fig 5 shows the Cr 2p spectra for the Cr(VI) coatings heated at different 
temperatures. The fitting results show that by increasing the temperature from 60 to 110 
and 210°C, the ratio of Cr(VI) to total chromium in the Cr(VI) coating decreased from 
35% to 32% and 12%, respectively. 

ECS Transactions, 1 (9) 165-176 (2006)



169

  
The O 1s spectrum for the chromate coatings was fitted with three components at 

530.1, 531.3 and 533.1 eV for oxide anions, hydroxyl groups and adsorbed water, 
respectively(12). The adsorbed water is about 17%, 15% and 9% in the samples heated at 
60, 110°C and 210°C, respectively.  
 
 
Corrosion Behavior 
 

For the Cr(VI)-treated EGS specimens heated at different temperatures, the 
polarization curves measured in 3.5% NaCl solution are shown in Fig. 6. The corrosion 
current density can be estimated from the slopes of the relevant anodic and cathodic 
polarization curves within a range of 10 mV from the free corrosion potential using 
Stern-Geary equation, icorr = k/Rp, where k is a proportionality constant. The constant k is 
about 10 mV for zinc in near-neutral NaCl solution (16, 17).  The current densities 
plotted in Fig. 6 and listed in Table 1 are the mean current densities over the specimen 
surface. All the chromated samples showed lower corrosion currents (icorr) than the 
untreated EGS samples, and the samples dried at 60°C (EGCr60) showed the lowest icorr.  
 
 

Table 1. Corrosion potential and corrosion current density calculated from the 
polarization curves in Fig. 6. 

 
Sample Ecorr 

(VSCE) 
icorr 
(µA/cm2) 

EGCr(VI) 60(°C ) -1.04 0.14 ± 0.08 
EGCr(VI) 110(°C) -1.02 0.3 ± 0.2 
EGCr(VI) 210(°C) -1.03 1.4 ± 0.6 
EGS -1.06 3.0 ± 0.8 

 
 
It is worth noting that for the Cr(VI)-treated samples dried at 60°C (EGCr60), a 

short passivation process in solution has been observed. For the EGCr60 samples, the 
current increases with the potential at the beginning of the scan starting at the cathodic 
branch for a short time. This may be related to the reduction of hexavalent chromium to 
Cr(III)(18), which adds to the cathodic current. The reduction of Cr(VI) to Cr(III) can 
contribute to the formation of a passive layer at defects. The cathodic reactions (19), such 
as 
  
 

2H2O + O2 + 4e- → 4OH-     [1] 
 

or/and  
 
 

Cr2O7
2- + 14H+ + 6e- → 2Cr3+ + 7H2O    [2] 
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will consume hydrogen ions and locally increase the pH value, which enables a better 
passivation process.  
 

Fig. 7 shows the Bode impedance plots for the Cr(VI) treated EGS specimens 
heated at different temperatures: (a) 60, (b) 110, (c)  210°C and for untreated EGS (d), 
which were measured after immersion in the quiescent 3.5% NaCl solution (pH 6) for 2 
and 4 hours (black lines for 2 hours and dark gray lines or dots for 4 hours). For the 
Cr(VI)-treated EG steel, the corrosion process occurs on the zinc surface exposed to the 
electrolyte through pores or defects of the layer. The shape of the Bode plots suggests 
that there are three time constants for the Cr(VI) treated specimens. The time constant at 
high frequency side is attributed to the conversion layer, the one at low frequency side is 
attributed to diffusion phenomenon. The other one is attributed to the double layer. The 
charge transfer resistance decreased and the diffusion resistance increased within 4 hours. 
For the C(VI) treated EGS specimen heated at 210°C, the capacitance of the conversion 
layer is larger and the resistances is smaller than for the coatings heated at 60 or 110°C.  
This suggests that the coatings have become thinner after drying at higher temperatures, 
and that the cracks in the layer make the real exposure area larger. The wider and deeper 
cracks observed in the EGCr210 samples by SEM (see Fig. 1) give a piece of evidence of 
the layer having larger real surface area which can be exposed to the solution. The Cr(VI) 
treated EGS specimen heated at 60°C showed the largest impedance magnitude. The 
impedance magnitude shown in Fig. 7 decreases in the following order: ׀Z׀(EGCr60) >  
 which is consistent with the polarization ,(EGS)׀Z׀ < (EGCr210)׀Z׀ < (EGCr110)׀Z׀
results.   
 

For the Cr(III) treated EGS specimens, cathodic polarization curves were measured 
after immersion in 0.01 M NaCl solution for 1 hour. Fig. 8 shows the cathodic 
polarization curves for the Cr(III) treated specimens heated at (a) 70, (b) 110, (c) 210°C 
and for the untreated EGS (d). It shows that the Cr(III) treated specimens heated at 70°C 
has the lowest cathodic current density. With increase of the drying temperature, the 
cathodic current density increases. The specimen heated at 210°C had a cathodic reaction 
rate as large as for the untreated EGS specimen.  

 
Both the polarization and the EIS measurements show that the corrosion rate of the 

EGS is inhibited by both Cr(VI) and Cr(III) treatments. Increasing the heating 
temperature results in an increase of the corrosion current for the Cr(VI) and the Cr(III) 
treated EGS. A Cr(III) coating on the EGS can act as a barrier layer that hinders the 
transport of oxygen to the underneath metal substrate. Drying the coating at a high 
temperature (210°C) would degrade the coating, because heating results in more defects 
in the layer. For the Cr(VI) treated system, the conversion coating contains both Cr(VI) 
and Cr(III) species. High drying temperature would affect the morphology of the coating 
and also result in the reduction of the Cr(VI) species adsorbed in the layer, which were 
confirmed by the SEM and the XPS analyses.  The Cr(VI) concentration decrease with 
the heating temperature has also been observed by Laget et al. (5) on the chromated Al 
alloys using XANES. During the drying process, the structure of the conversion layer 
changes due to dehydration. Zinc oxide is a n-type semiconductor and chromium oxides 
are highly imperfect, so that it is possible for electrons passing through the film to reach 
Cr(VI) species, which leads to reduction of Cr(VI) to Cr(III). Gallaccio (7) and Xia et al. 
(20) observed a decrease of release of Cr(VI) in solution for CCCs on zinc and 
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aluminium after heating. In any case, if there is less soluble Cr(VI) species in the layer, 
the “self-healing” effect of the coating would diminish.  

 
 

CONCLUSIONS 
 
 

Cr(VI) and Cr(III) treatments can increase the corrosion resistance of  EG steel. 
The corrosion protection given to EG steel by Cr(VI) and Cr(III) pretreatments can be 
severely reduced if the pretreated surfaces are heated above 110°C.  Both types of coating 
undergo some dehydration during heat treatments, which is undesirable for good 
corrosion protection.  For Cr(VI) coatings, additional degradation mechanisms include 
widening of the cracks in the coating, and reduction of Cr(VI) to the Cr(III) oxidation 
state.  
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Fig. 1 SEM images for Cr(VI) treated  
EG steel (10 sec.) heated in an oven at 
different temperatures: (a) 60°C, (b) 
110°C and (c) 210°C, for 30 minutes. 

 
 

 
(a) EGCr3-70 
 

 
(b) EGCr3-110 
 

 
(c) EGCr3-210 

 
Fig. 2 SEM images for Cr(III) treated 
EG steel (60 sec.) heated in an oven at 
(a) 70, (b) 100 and (c) 210°C for 30 
min. 
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Fig. 3 AES depth profile analyses for (a) Cr(VI) and (b) Cr(III) treated  zinc. 
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Fig. 4 Cr 2p XPS spectra for Cr(VI) and Cr(III) treated zinc. 
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Cr 2p spectra for CCCs on Zn heated at different temperatures

Binding Energy  (eV)

565570575580585590595

In
te

ns
ity

  (
a.

u.
)

(a) heated at 60oC
(b) heated at 110oC
(c) heated at 210oC

a

b

c

Cr6+ Cr3+

2p1/2

2p3/2

 
Fig. 5 Cr2p XPS spectra for Cr(VI) treated Zn (10 sec.) heated at different 
temperatures. 
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Fig. 6 Polarization curves for Cr(VI) treated EGS (10 sec.) heated at different 
temperatures and untreated EGS. 
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Fig. 7 Bode impedance plots for the Cr(VI) treated EGS specimens (10 sec.) heated at 
different temperatures, obtained after immersion in the solution for 2 and 4 hrs. 
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Fig. 8 Cathodic polarization curves measured in 0.01 M NaCl solution (pH 6) for 
Cr(III) treated EGS heated at different temperatures and for untreated EGS. 
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